Before deoxidation, the main inclusions were Fe-Mn-O inclusions in Ti-bearing ultra low-carbon steel melt. After 3 min Al addition, the inclusions changed to be granular and spherical Al 2 O 3 . Al 2 O 3 cluster, composed of granular and spherical particles with diameter 1-2 mm, formed in 7 to 10 min after Al addition into the melt. 
Introduction
Titanium is an important alloying element which binds the soluble carbon and nitrogen by forming titanium carbide and nitride in Ti-bearing interstitial free steel (Ti-IF steel). However, since the expensive titanium has strong affinity with oxygen, minimizing the oxidation loss to Ti oxides is important. It is necessary to understand the evolution of Al-Ti-O complex inclusions.
Many researchers [1] [2] [3] [4] have studied the morphology changes of oxide inclusions by various Al and Ti deoxidation techniques. Nagata et al. 2) found that in cases of Al deoxidation, spherical Al 2 O 3 and Al-Mn-O oxides formed by reduction of Fe-Mn-O oxide inclusions. Acicular Al 2 O 3 formed at first, and then changed to be clusters of granular Al 2 O 3 . Ti addition after Al deoxidation resulted in similar oxide and cluster. Sun et al. 1) reported that the morphologies of inclusions after the Al/Ti deoxidation were similar to that of Al deoxidation; although Al 2 O 3 inclusion couldn't be reduced by Ti theoretically, some Al 2 O 3 were found to be reduced by Ti. Matsuura et al. 5) also found the similar results which were explained by the decrease of local [Al] due to the growth of Al 2 O 3 . Doo et al. 6) reported the morphology evolution of complex oxide inclusions after Al/Ti complex deoxidation in the RH practice and found spherical Al-Ti-O oxides bearing Al 2 O 3 particles and holes which were similar to the results of Park et al. 7) The Fe-Al-Ti-O inclusion diagram had been investigated [8] [9] [10] in order to understand the formation of oxide inclusions and nozzle clogging 11) 13, 14) and they predicted that a liquid phase would appear in inclusion diagram of Fe-Al-Ti-O system at 1 873 K.
In present study, the morphologies of Al 2 O 3 and Al 2 O 3 · TiO x clusters and their formation were discussed for Ti-bearing ultra low-carbon steel refined in the RH process and the formation mechanisms of these inclusions were proposed. The composition and number evolution of inclusions were studied during the secondary refining process.
Experimental Method
Experiments were carried out in the 220 t ladle at the SHOU GANG QIAN'AN IRON & STEEL works during the RH process. The compositions of the melt at different time are listed in Table 1 . During the RH refining, 290 kg of aluminum and then after 4 min 244 kg ferro-titanium (containing 70% titanium) alloy were added into the low-carbon melt. Samples were taken with a pail-sampler (diameter 120 mm, height 100 mm) at five different times: before deoxidation, 3 min after Al addition, 3 and 6 min after ferro-titanium addition, RH refining finished.
Rectangular pieces (15 mmϫ15 mmϫ10 mm thickness), 20 mm from bottom of the pail samplers, were machined. These samples were polished by SiC papers and diamond suspensions to characterize the inclusions through observations in a scanning electron microscope (SEM). The chemical compositions of inclusions were analyzed by energydispersive spectrometry (EDS) combined with the SEM. For each sample, at least 20 inclusions were analyzed for inclusions morphologies and compositions by SEM/EDS and then an area of around 0.18 mm 2 was observed to obtain inclusion size and number density under metallographic microscope at the 800 magnification. The macroinclusions (larger than 20 mm) were observed in 675 mm 2 by polishing the specimens three times, at least 1 mm was polished by SiC paper every time.
Results and Discussion

The Compositional Evolution of Inclusions During
RH Refining Before the deoxidation, the main inclusions were (FeO) n · (MnO) in the melt. There were two kinds of inclusions: one was homogenous liquid (FeO) n · (MnO), the other was dual phase Fe-Mn-O inclusions with core composition of higher content MnO and outer compositions as the same as homogenous liquid (FeO) n · (MnO). The line scan in Table 1 3 was much higher than that in sample 2; the acid-soluble aluminum which reduced by 120 ppm in this process also certified this point. Besides Al 2 O 3 and Al 2 O 3 · TiO x inclusions, another dual phase inclusion was observed as seen in Fig. 2 (e) after 6 min ferro-titanium addition. It seemed that the TiN was more prone to precipitate on the surface of Ti-Al-O inclusions. In this process, some other macro-inclusions were observed; the formation of this kind of inclusions will be discussed later. After 13 min ferro-titanium addition, the main micro-inclusion was still Al 2 O 3 . Some TiN shown in Fig. 2(f) and Ti-Al-O inclusions also existed; but the number of these kinds of inclusions was below 10% of the total inclusions' number observed.
The Number of Inclusions During RH Refining
The size distribution of micro-oxides in the specimens of different time was shown in Fig. 3 . The number of oxides decreased with the increase of oxides' diameter and the decrease of total oxygen content. The diameters of inclusions were mainly in a range of 0.5 to 5 mm. The number of oxides per unit volume was calculated by the number and size of oxides observed under optical microscope and DeHoff's equations 15) expressed by Eqs. (4) and (5). The volume fraction of oxides was calculated by Eq. (6). The content of oxygen existing as oxides in the melt was calculated by Eq. The cumulative content of oxygen existing as the oxides was shown in Fig. 4 . The calculated cumulative oxygen content increased significantly until the oxides diameters were larger than 5mm and became nearly a constant value. The ratios (calculated cumulative oxygen content divided by observed content) were 0.84, 0.98, 0.91, 0.52, 1.29 respectively. Oxygen content existing in oxides with diameters smaller than 5 mm exceeded 80% of total oxygen except in the sample four. The reason will be explained later. The calculated oxygen content of sample 5 may be overestimated due to the precipitation of TiN in the specimen. The control factors governing the size distribution of inclusions in steel were considered as nucleation, growth, coagulation and rising behaviors in molten steel. Although there were many studies on these factors, [16] [17] [18] [19] less studies were reported about the formation of cluster Al 2 O 3 after Al addition into molten steel in secondary steelmaking refining. Three minutes after Al addition in the steel melt, a mass of granular and spherical Al 2 O 3 with diameters between 1 mm and 2 mm were observed as shown in Fig. 5 . Present study supported the results of Wakoh et al. 20) who considered the growth of alumina inclusions during 1 s after deoxidation controlled by the diffusion of oxygen. A formation mechanism of Al 2 O 3 cluster was depicted by Fig. 6 . First, the Al 2 O 3 particles nucleated homogeneously or heterogeneously on the surface of Fe-Mn-O oxide, which was so fast that it completed in millisecond when Al addition into the molten steel. After the nucleation formed, the supersaturation degree of [ . ,
The Morphology Evolution of Inclusions
. in the melt were not in equilibrium until diffusion growth was suppressed and the concentration gradient disappeared. Present study found that inclusions in the specimen of 6 min after ferro-titanium addition were similar with the observation of Doo et al. 6) and Sun et al. 1) who revealed that the TiO x · Al 2 O 3 complex oxides covered alumina clusters and the Al 2 O 3 oxide inclusions with hollow holes appeared in Ti/Al deoxidation steel first time. Figure 7 showed the morphology of Al-Ti-O cluster which was observed in the specimen of 6 min after ferro-titanium addition into the melt. It seemed that Al 2 O 3 cluster was covered by the TiO x . Ende et al. 21) and Doo et al. 6) found the similar inclusions 4 min and 3 min after ferro-titanium addition in melt respectively. In order to explain the formation of this special morphology of inclusion after Al, Ti deoxidation, the following mechanism can be proposed as depicted in Fig. 8 .
(i) First the cluster Al 2 O 3 formed as shown in Fig. 6 or macro-inclusions existed in the melt.
(ii) When ferro-titanium was added in Al deoxidized molten iron, the ferro-titanium alloy particles scattered in the melt. Rich (iii) With the progress of reduction of Al 2 O 3 and growth of TiO x , the uniform TiO x · Al 2 O 3 phase may form. As can be seen in Fig. 9 , a macro-Al 2 O 3 inclusion was reduced by [Ti] in the molten steel; the inner core was still pure Al 2 O 3 , but the outer core had been modified to be uniform TiO x · Al 2 O 3 phase.
(iv) Liquid steel contacted with the cluster Al 2 O 3 · TiO x inclusions which were more wettable with liquid steel than Al 2 O 3 .
22 ) The hollow holes will be formed after sliming. As can be seen in 
Thermodynamic Consideration
Many researchers [8] [9] [10] pointed that stable phases were Al 2 O 3 , Ti 2 O 3 , Ti 3 O 5 and Al 2 TiO 5 which were solid phases with limited reciprocal solid solubility between each other 23, 24) in Fe-Al-Ti-O system at 1 873 K. The activities of these phases were considered to be unity. Titanium oxides or Ti-Al complex oxides couldn't be formed in normal Ti-bearing Al-killed low-carbon steel including the compositions in the present study based on thermodynamic study. Therefore, many researchers found that the existence of Ti-Al-O complex oxides did not fit the thermodynamic calculation and re-oxidation was considered as the main cause. Recently, Jung et al. 12 Figure 11 was computed on the basis of the available thermodynamic information and interaction coefficients listed in Table 2 and Table 3 respectively. Because Al was added in melt prior to Ti, the TiO x formed mainly on the surface of the Al 2 O 3 . The activity of Al 2 O 3 was considered as unity. The Ti 3 O 5 was more stable and easier to form than Ti 2 O 3 in present chemical compositions. 25) Figure 11 showed that the Ti 3 O 5 was hard to be formed when acid aluminum exceeded 0.035% with titanium lower than 0.08%. The a Ti 3 O 5 (activity of Ti 3 O 5 ) in the complex liquid phase inclusions increased remarkably with the decrease of acid aluminum and increase of acid titanium. The Ti 3 O 5 existed in the liquid phase when the acid aluminum was below 0.025% and acid titanium was above 0.07% in present study, so the Al 2 O 3 · TiO x or Al 2 O 3 · TiO x cluster might form after the ferro-titanium alloy particles addition. Some measures should be taken to decrease the cluster or macro-Al 2 O 3 ; at the same time, a smaller ferro-titanium particles and a delay of ferro-titanium adding time after the Al addition are helpful to decrease the loss of oxidation to titanium oxides in Ti-bearing ultra low-carbon steel melt during the RH process.
Conclusion
The composition, number and morphology evolution of oxide inclusions in Ti-bearing ultra low-carbon steel melt during the RH process were studied. The experimental results were summarized as follows:
(1) Before deoxidation, the main inclusions which changed to be granular and spherical Al 2 O 3 after 3 min Al addition were (FeO) n · (MnO) in the melt. After 3 min ferrotitanium addition, granular Al 2 O 3 was still the main inclusions, but some Al 2 O 3 · TiO x complex inclusions formed with the Ti/(AlϩTi) between 0.15 and 0.30. As the time passed, besides the Al 2 O 3 and Al 2 O 3 · TiO x inclusions, TiN inclusion and dual phase inclusion whose inner core was TiO x · Al 2 O 3 and outer core was TiN were observed, but the amount of these kinds of inclusions was below 10% of the total inclusions.
(2) The calculated cumulative oxygen content increased significantly until the oxide diameter was larger than 5 mm and became nearly a constant value. The ratios (calculated cumulative oxygen content divided by observed © 2010 ISIJ (5) The Ti 3 O 5 was hard to be formed when acid aluminum exceeded 0.035% with titanium below 0.08%. The activity of Ti 3 O 5 in the complex liquid phase inclusions increased remarkably with the decrease of acid aluminum and increase of acid titanium. The Ti 3 O 5 was formed in the liquid phase when the acid aluminum was below 0.025% and acid titanium was above 0.07% in present study.
© 2010 ISIJ Table 2 . Reactions in the Fe-Al-Ti-O system and their standard free energy changes. Table 3 . Interaction coefficients of related elements. 
